Introduction
The chemistry observed upon the thermal and photochemical decomposition of aryl azides has been a field of active investigation for decades. [1] [2] [3] In part, this persistent interest [4] is driven by the desire to unravel the mechanisms of the complex reactions and to characterize the interesting reactive intermediates that occur therein. However, it is also fueled by the involvement of azides and nitrenes in many practical applications, such as photolithography, [5] preparation of electrically conducting polymers, [6] and photoaffinity labeling of biomolecules. [7, 8] Phenylazide 1a, which yields phenylnitrene 2a, the prototypical aryl nitrene, has been the target of numerous experiments using static and time-resolved IR, UV, and ESR spectroscopy. By these experiments, and by quantum chemical calculations, it has been established that the singlet state of phenylnitrene 1 2a undergoes (nearly thermoneutral and reversible) sequential formation of the azirine 3a and the didehydroazepine 4a, in competition with (irreversible) intersystem crossing to the triplet ground state (Scheme 1). [9] To exploit the bountiful chemistry of the very reactive singlet nitrene in practical applications, its thermal rearrangement must be inhibited. It was found that o-substitution, in particular by fluorine atoms which exert a combined steric and electronic effect, significantly extends the lifetime of the singlet nitrene.
[10a] It is for that reason that derivatives of 2,6-difluorophenylazide 1b have found important applications as photoaffinity labeling agents. [7] In addition, Morawietz and Sander found that the hitherto elusive azirine intermediate 3b can be stabilized and characterized in Ar matrices, [11] although transformation into the didehydroazepine 4b could not be effected.
Very little is known about the chemistry that azides and nitrenes undergo on reduction or oxidation. The purpose of this work is to fill a part of this gap by investigating the decomposition of phenylazides as well as the fate of the resulting products on ionization in Ar matrices. In particular, we were interested to see how ionization affects the molecular and electronic structure of 2 and 4, whereby the prospect that the radical cation of 4 may be an aromatic species with a closed-shell tropylium-type p system appeared most enticing. The difluoro derivatives proved to yield more interesting results, in part be-2,6-Difluorophenylnitrene was reinvestigated both experimentally, in Ar matrices at 10 K, and computationally, by DFT and CASSCF/ CASPT2 calculations. Almost-pure samples of both neutral rearrangement products (the bicyclic azirine and the cyclic ketenimine) of a phenylnitrene were prepared and characterized for the first time. These samples were then subjected to X-irradiation in the presence of CH 2 Cl 2 as an electron scavenger, which led to ionization of the neutral intermediates. Thereby, it was shown that only the phenylnitrene and the cyclic ketenimine yield stable radical cations, whereas the bicyclic azirine decays to both of these compounds on ionization. The cyclic ketenimine yields a novel aromatic azatropylium-type radical cation. The electronic structure of the title compound is discussed in detail, and its relation to those of the iso-p-electronic benzyl radical and phenylcarbene is traced.
cause in this series it is possible to prepare samples of almost pure triplet nitrene 2b, azirine 3b, and, in contrast to earlier experiments, [11] also didehydroazepine 4b, which can then be individually subjected to ionization. The experimental results will be complemented by appropriate quantum chemical calculations, which serve to assign the observed spectra and provide an understanding of the molecular and electronic structure of the different reactive intermediates.
Results and Discussion

Photochemistry of Neutral Compounds
On short irradiation at 254 nm, matrix-isolated 2,6-difluorophenylazide 1b undergoes rapid decomposition to yield mainly triplet nitrene 3 2b, [11] as judged by the UV/Vis and the IR difference spectra a in Figures 1 and 2 . The IR spectrum (downward pointing peaks in spectrum a of Figure ) is in excellent accord with that predicted by the B3 LYP method (blue trace at the bottom), and it appears that 3 2b is the only species that is formed in this step. The UV/Vis spectrum, which is somewhat more detailed and extends further into the UV than that published previously, [11] will be discussed below. To avoid secondary decomposition we decided to effect the transformation of 3 2b into 3b by irradiation at the low-energy edge of the first absorption band of 3 2b using an Ar-ion laser. Operating the laser in the single mode did not lead to efficient photolysis, but multimode irradiation (488-515 nm) gave rise to a very clean, albeit still slow, transformation which resulted in the spectra shown as traces b in Figures 1 and 2 . Some of the bands in the IR spectrum b are exact mirror images of those in spectrum a, which facilitates their unambiguous assignment to nitrene 3 2b. The peaks which rise in the IR spectrum b can equally well be attributed to the azirine 3b, [11] for example, by comparison with the pattern of bands predicted by B3 LYP/6-31G* (green trace in Figure 2 ).
After photolysis, the UV spectrum shows a shoulder at 285 nm and a peak at 235 nm for 3b, in agreement with earlier observations [11] and with the results of our CASPT2 calculations (Table 1 and green bars in Figure 1) . Upon irradiation at 365 or 254 nm, 3b is converted back into nitrene 3 2b rather cleanly. However, we found that on photolysis at 313 nm a new species forms, next to a small amount of 3 2b (cf. asterisks in the difference spectrum c in Figures 2) . This species distinguishes itself by a broad band peaking at about 400 nm and an IR band at 1830 cm
À1
, both of which point toward a didehydroazepine structure. [12, 13] Indeed, calculations of the IR and UV/Vis spectra of 4b (purple bars in Figure 1 , purple trace in Figure 2 ) are in excellent agreement with the observed features. Irradiation at > 400 nm reconverts 4b to 3b. The IR spectrum of 4b confirms that the assignment of a peak at 1576 cm À1 in the transient IR spectrum observed in the recent study of Platz et al. [10b] is correct (the peak appears at 1579 cm À1 in an Ar matrix). However, the similarly intense double peak of 4b at 1538/1527 cm À1 in our matrix spectrum did not show up in the transient IR spectrum, in contrast to the strong peak at 1411 cm À1 which is clearly seen in Figure 6 of that paper (where it was, however, not assigned to 4b).
[10b]
Thus, we have succeeded in closing the circle and have selectively interconverted all three isomers of the difluoronitrene 2b while characterizing them by full IR and UV/Vis spectroscopy. Also, the above protocol of irradiations allows us to prepare pure samples of 1b, 3 2b, or 3b and almost pure ones of 4b (together with a small amount of 1b, which we have never been able to fully exclude; see peaks with asterisks in spectrum c of Figure 2 ). Scheme 2 sums up our findings on the photochemistry of neutral 1b. Figure 1 . UV/Vis spectra obtained a) after photolysis of 2,6-difluorophenylazide in an Ar matrix at 14 K and 254 nm, b) after subsequent irradiation at 485-515 nm (4-W Ar-ion laser in multimode) for 6 h, and c) after irradiation at 313 nm (medium-pressure Hg/Xe lamp, interference filter) for 5 min. The stick spectra represent the electronic transitions for 3 2b (blue), 3b (green), and 4b (purple) calculated by the CASSCF/CASPT2 method (see Table 1 and the Supporting Information). Phenylnitrene is iso-p-electronic to the benzyl radical and to triplet phenylcarbene, [14] hence we expect some similarities in the spectra of the three compounds. In addition to excitations within the p system, 3 2b has transitions that involve electron promotion to and from the singly occupied in-plane orbital (p N ). If those transitions involve p molecular orbitals (p-MOs), they are polarized perpendicular to the molecular plane and hence carry small oscillator strengths, but, as in the case of phenylcarbene, s!s transitions may give rise to additional bands in the spectrum. We have examined the excited-state electronic structure of 3 2b by CASSCF/CASPT2 calculations, the results of which are listed in Table 1 and are represented schematically (blue bars) in Figure 1 . The MOs that are involved in the observed transitions are depicted in Figure 3 .
Inspection of Table 1 reveals the two pairs of excitations, marked by the arrows in Figure 3 , that are typical for the benzyl radical "p topology" of 3 2b: the 2a 2 !4b 2 and 4b 2 !3a 2 excitations form negative and positive combinations that give rise to the transitions from the 3 A 2 ground state to the first and third 3 B 2 excited state, respectively, whereby the transition moments subtract in the first and add up in the second transition. A similar pair of transitions, this time to the second and the fifth 3 A 2 excited states, arises from combinations of the higher-lying 3b 2 !4b 2 and 4b 2 !5b 2 excitations, except that in this case the high-energy transition contains a significant contribution from excitation to a higher-lying configuration (2a 2 ! 3a 2 ).
According to CASPT2 these four transitions give rise to some of the most important bands in the electronic absorption spectrum of 3 2b, that is, the two weak bands in the visible region (shown in Figure 1 B 1 states), so they are not expected to contribute to the observed spectrum.
The UV spectrum of azirine 3b consists of a shoulder around 300 nm and a slightly asymmetric band peaking at 235 nm. The CASSCF/CASPT2 calculations (see Supporting Information; green bars in Figure 1 ) predict two weak transitions in the region of the broad shoulder, followed by a medium-intensity transition at 264 nm and a very strong one at 240 nm. Probably the 264-nm transition is associated with the 235-nm band (prediction too low by 0.58 eV), while the strong 240-nm transition escapes observation in our experiment, that is, it lies below 220 nm (error in the prediction ! 0.47 eV). The MOs involved in these transitions are shown in the Supporting Information.
1-Aza-2,6-difluorocyclohepta-2,4,6,7-tetraene (4b)
The cyclic ketenimine distinguishes itself by a broad band peaking at about 405 nm, followed by bands at 285 and 235 nm (perhaps with a shoulder at ca. 250 nm). The CASSCF/ Figure 2 . IR difference spectra for a) photolysis of 2,6-difluorophenylazide in an Ar matrix at 14 K and 254 nm, b) subsequent irradiation at 485-515 nm (Ar-ion laser in multimode), and c) irradiation at 313 nm (medium-pressure Hg/Xe lamp, interference filter). The colored traces represent the IR spectra calculated by the B3 LYP/6-31G* method for 3 2b (blue), 3b (green), and 4b (purple). The asterisks in spectrum c indicate the major peaks of 3 2b, which also forms on the photolysis of 3b at 313 nm.
CASPT2 calculations (see Supporting Information; purple bars in Figure 1 ) indicate that the broad visible band encompasses two transitions that involve mainly the HOMO and the lowest two virtual MOs, which are centered in the bent allene moiety (see Supporting Information). The next strong transition that coincides with the 285-nm band involves a p!s transition. The predictions for the higher excited states are too uncertain to allow any definitive assignments. Also, we note that the relative transition moments appear to be predicted poorly by the CASSCF method in this case. However, the excited-state electronic structure is quite sensitive to details of the geometry, and the discrepancies between observed and calculated excitations could also be due to the fact that B3 LYP does not yield a very good geometry for this unusual molecule.
Radical Cations
X-irradiation of a matrix containing azide 1b led to the spectral changes shown in traces a of Figures 4 and 5 . Clearly the IR bands of the azide "marked 'A' in Figure 5 " decrease in the process, that is, 1b is consumed, in addition to the electron scavenger CH 2 Cl 2 (peaks marked with asterisks), so we conclude that 1b has indeed been ionized. Both spectra show the appearance of nitrene 3 2b (blue dashed trace in Figure 4 ; peaks marked "N" in Figure 5 ), in addition to a further product Figures 4 and 5) , whereby the bands of 3 2b, which had increased during X-irradiation of matrix-isolated 1b, decrease (see dashed vertical lines in Figure 4 ). The pattern of the new IR bands is in good accord with that predicted for the nitrene radical cation 2bC + (top red trace and red dashed lines in Figure 5 ). Therefore, we conclude that on ionization in Ar, azide 1b spontaneously loses N 2 and forms the nitrene radical cation which is reneutralized by the electrons that are continually liberated while the Ar matrix is being irradiated with X-rays, and that do not get scavenged by CH 2 Cl 2 .
[15] The two signpost signals of 2bC + are the strong IR peaks at 1658 and 1449 cm À1 .
Next we subjected a sample containing only azirine 3b to Xirradiation, an operation that resulted in the difference spectra c in Figures 4 and 5 . Clearly, the peaks of neutral 3b (marked "Z" in Figure 5 ) decrease, while the IR peaks assigned to the nitrene radical cation 2bC + rise. However, this time no neutral nitrene is formed. Instead we find the bands of the ketenimine 4b (marked "K" in Figure 5 ), while the typical broad absorption spectrum of 4b (dashed purple line in Figure 4 ) clearly manifests itself in the UV/Vis spectrum. Thus, on ionization, azirine 3b decays simultaneously by opening the CÀN bond to give the nitrene radical cation and by opening the bridging CÀC bond to yield the ketenimine 4b. Of course, if 4b is present after ionization, its radical cation 4bC + should also be found. Indeed, the difference spectrum c in Figure 5 shows some upward-pointing peaks that we cannot attribute to any of the products hitherto observed (in particular a double peak around 1480 cm À1 ), but this evidence is not sufficient to provide a basis for an unambiguous assignment. Thus, we finally turned to irradiating a matrix containing predominantly the didehydroazepine 4b, which resulted in the difference spectra d in Figures 4 and 5 . The bands of 4b (marked "K" in Figure 5 ) decrease, so ionization was successful. Among the new peaks formed in this experiment, those of the nitrene radical cation 2bC + (red dashed lines) were again the most prominent, but next to those we found some of the unassigned peaks from the experiment with azirine 3b (brown dashed lines). At the bottom of Figure 5 we show the calculated spectrum of the radical cation of 4b, the most intense peaks of which can be brought into accord with the major new bands in difference spectrum d that are not due to 2bC + . 
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The quantitative agreement admittedly leaves much to be desired, but we can see no other possibility than to assign the new peaks observed on ionization of 3b and 4b to 4bC + .
The UV/Vis difference spectra obtained in the latter two experiments do not show any prominent new features, but, as will be shown below, this is not to be expected on the basis of the electronic structure of 4bC + . Thus, we conclude that on ionization of 4b we obtain, in feeble yield, its radical cation. The nitrene radical cation 2bC + could either be formed by rearrangement of the incipient 4bC + , or directly from residual 3 2b which is always present in samples of 4, as is indicated by the decreasing peaks of 3 2b in the difference spectrum d in Figure 4 .
Scheme 3 sums up the experimental observations reported in this section, which turned up no evidence for the radical cations of the azide 1b or the azirine 3b, but gave very clear evidence for the nitrene radical cation 2bC + and, somewhat less clear, for the targeted aromatic radical cation 4bC + .
Quantum Chemical Calculations on Radical Cations
B3 LYP/6-31G* calculations of the potential surfaces that join radical cations 2bC + , 3bC + , and 4bC + yielded the picture shown in Figure 6 . In 2bC + , about 88 % of the unpaired spin population is on the N atom, while a similar percentage of the net positive charge is located in the CFÀ(CH) 3 ÀCF part of the ring. This indicates a pentadienyl cation bridged by an R 2 C=NC radical, and the bond-length pattern confirms the dominance of this resonance structure in 2bC + . (As ionization of 2b occurs from its essentially nonbonding p singly occupied molecular orbital, 4b 2 in Figure 3 , the geometry changes on ionization are not very pronounced.) Table 2 lists the electronic transitions calculated for 2bC + by the CASSCF/CASPT2 method (the same transitions are schematically represented as bars in Figure 4 ). As in neutral , and a stronger band that peaks below 300 nm (transitions to the 3 2 A 1 and 3 2 B 1 states). Our spectra turned up no evidence for the weak band predicted at 666 nm, the intensity of which is perhaps overestimated by CASSCF. Just as 2b is iso-p-electronic to the benzyl radical, 2bC
+ is iso-p-electronic to the benzyl cation, the excited-state electronic structure of which has, however, never been assessed conclusively. [16] In contrast to the neutral azirine 3b, no potential energy minimum could be located for its radical cation 3bC + , in spite of the fact that the HOMO of 3b is largely located in the cyclohexadiene moiety of this compound. Instead, a saddle point was located which IRC calculations proved to connect 2bC + to 4bC + . However, the energy of this transition state is so high that an interconversion of these two species is excluded. These findings are in accord with the observation that ionization of a sample of 3b led exclusively to IR bands associated with 2bC + and 4bC + (plus 4b which arises by reneutralization), and that ionization of 2b yielded no 4bC + and 4b. They also lead us to conclude that the 2bC + which arises on ionization of 4b must originate from residual 2b in that sample. The most intriguing of the three cations (unfortunately also that for which experimental data are most scarce) is obtained on ionization of 4b. Intriguing, because the very twisted seven-membered ring of the neutral ketenimine becomes planar on ionization and the strong CÀC bond-length alternation that prevails in 4b disappears completely: clearly ionization of 4b has resulted in an aromatic species that is iso-pelectronic to the tropylium cation. Examination of the electronic wave function of 4bC + (see Figure 7 ) confirms this diagnosis:
the odd electron is located essentially in an in-plane sp hybrid AO on the hypovalent C atom next to the N atom, which itself carries a lone pair. These two AOs form bonding and antibonding linear combinations (MOs 26a' and 27a') and, because the former is doubly occupied and the latter only by a single electron, this results in a two-center, three-electron bonding interaction which is presumably responsible for the very short CÀN bond length. Nominally, the hypovalent C atom contributes two electrons to the p system and the N atom none (instead a positive charge), but in the end the six p electrons occupy the MOs 3a''-5a'' and are thus delocalized over the entire ring, thus forming an aromatic system.
It is interesting to compare 4bC + to the corresponding planar neutral system which has been discussed in detail previously. [17] One would presume that, to leave the aromatic p system intact, an electron will be added to the hybrid AO that (formally) carries the unpaired electron. However, that results in a species with two adjacent lone pairs which suffer enough repulsion to favor a situation where two s electrons are transferred from the hypovalent C atom to the p system, which then accommodates eight electrons, that is, becomes antiaromatic. [17] In 4bC + , transfer of the unpaired s electron to the p system results in a (nonaromatic) azacycloheptatrienyl radical bearing a positive charge on the hypovalent C atom. No lonepair repulsion is lost in this process (on the contrary, the twocenter three-electron s bond is broken), and so the resulting species lies 18 kcal mol À1 above 4bC + in C s symmetry, and it collapses back to the planar aromatic species if out-of-plane distortions are allowed for. Inspection of the excited-state electronic structure of 4bC + (see Supporting Information) shows that, apart from two extremely weak s!p transitions, this aromatic system has no bands in the visible part of the spectrum and only one weak p!p* transition above 300 nm. Thus, it is not surprising that no palpable spectral manifestations of 4bC + occur in its UV/Vis spectrum ( Figure 4 ), and we must content ourselves with the few IR bands that are attributable to this elusive species ( Figure 5 ) as an experimental proof for its existence. http://doc.rero.ch
Conclusions
This work demonstrates that it is possible, under favorable circumstances, to generate and characterize both ring-expansion products of singlet phenylnitrenes, that is, the bicyclic azirine and the cyclic ketenimine, by a judicious choice of the wavelengths of irradiation in cryogenic matrices. This has been shown for 2,6-difluorophenylnitrene, where the bicyclic azirine is protected from decay to the cyclic ketenimine by slightly higher barriers. The electronic spectra of the triplet phenylnitrene and its rearrangement products have been recorded down to 220 nm, which permits a more complete discussion of the electronic structure of these species, in particular the phenylnitrene which is iso-p-electronic to the benzyl radical, than was previously possible. Almost-pure samples of the three isomers were exposed to X-irradiation in Ar which leads to the corresponding radical cations. It turns out that on ionization the bicyclic azirine decays spontaneously to the radical cations of the phenylnitrene and the cyclic ketenimine, in accord with calculations which predict that on the radical cation potential surface the bicyclic azirine radical cation is a transition state for the interconversion of the former two species, which were characterized by their IR and UV/Vis spectra.
Experimental and Theoretical Methods
Azides 1a and 1b were placed into a U-tube connected to the inlet system of a closed-cycle cryostat. While this U-tube was held at À40 8C, a stream of an Ar/N 2 mixture (85:15) doped with 0.1 % methylene chloride (which serves as the electron scavenger in the ionization step) was passed through it at % 0.1 Torr, and entrained enough of the azides to give a matrix containing an appropriate amount of the precursor (about 0.1 mol %). Azides were decomposed at 12 K by short photolysis at 254 nm (low-pressure Hg lamp), whereas subsequent photorearrangements were effected by selective photolyses using an Ar laser (multimode: 485-515 nm) or a medium-pressure Hg/Xe lamp with a 313-nm interference filter. Electronic absorption spectra were measured on a Perkin-Elmer Lambda 19 instrument, while the IR spectra were measured in an evacuated Bomem DA3 FTIR interferometer. The geometries of all the stationary points were optimized by the B3 LYP/6-31G* hybrid density functional method [18] using the Gaussian 98 and 03 quantum chemical program packages. [19] Excitation energies and transition moments were computed by the CASSCF/ CASPT2 method [20] as implemented in the MOLCAS program, [21] using atomic natural orbital (ANO)-type basis sets [22] contracted to split valence plus polarization (SVP) quality. The CASSCF wave functions were obtained using the state-averaging technique where all states were equally weighted. In the case of the nitrenes and their radical cations, the active space included the six valence p orbitals adding the lone pair of the nitrogen atom and eight electrons.
